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Objective: The objective of this study was to discern the fate of the 
pulmonary autograft diameter over time in adults and its relation to aortic 
regurgitation in the setting of aortic root replacement. Methods: From 
January 1989 to May 1995, 36 consecutive adult patients underwent aortic 
root replacement with a pulmonary autograft for aortic valve disease. The 
mean age of 20 male and 16 female patients was 29.1 years (range 19.3 to 
52.1 years). The mean follow-up was 2.3 years (range 0.3 to 6.0 years). Two 
patients died in the hospital. One other patient had a second operation for 
stenosis at the distal suture line of the allograft in the pulmonary position. 
Pulmonary autograft anulus and sinus diameters were measured with 
epicardial echocardiography before (only anulus) and after cardiopulmo- 
nary bypass, with transthoracic echocardiography at hospital discharge, 
and with transesophageal chocardiography during follow-up. Results: The 
mean autograft anulus diameter did not increase immediately after cardio- 
pulmonary bypass (mean diameter 26.2 mm before and 26.4 mm after 
cardiopulmonary b pass). The mean autograft sinus diameter after cardio- 
pulmonary bypass was 36.5 mm. The mean autograft anulus diameter 
increased to 31.5 mm at follow-up, an increase of 5.1 mm (19%). The mean 
autograft sinus diameter increased to 43.9 mm at follow-up, an increase of 
7.4 mm (20%). Fifty-nine percent of the anulus diameter increase and 40% 
of the sinus diameter increase was already reached at hospital discharge (7 
to 10 days after the operation); the other part of the increase occurred 
during follow-up. Diameter increase was associated with neither the length 
of follow-up (follow-up less than 1 year compared with a longer follow-up) 
or severity of aortic regurgitation. Conclusion: Pulmonary autograft anulus 
and sinus diameters increase the first year after aortic root replacement 
with a pulmonary autograft. This occurs rapidly within 10 days after the 
operation, with a further increase during follow-up, without causing 
significant aortic regurgitation at medium-term follow-up. (J Thorac 
Cardiovasc Surg 1997;113:667-74) 
T he pulmonary autograft procedure is a surgical technique for treatment of aortic valve or root 
disease. Although the initially reported series 
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mainly comprised children, the autograft is now 
more often used in older patients as well. t-4 The 
expected lifelong durability without degeneration 
and the absence of the need for anticoagulants offer 
considerable advantages for adult patients. In con- 
trast to the subcoronary or intraaortic ylinder im- 
plantation techniques, the root replacement tech- 
nique is advantageous because it is technically less 
demanding.2, 5 The autograft is exposed to higher 
pressures, which may result in an increase of its 
diameter. An increase in autograft diameter has 
been reported in children, being explained as 
growth. 6-s In adults an increase in diameter has not 
been reported so far. z' 4 The purpose of this study is 
to present serial measurements of the pulmonary 
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autograft anulus and sinus diameters and their 
relation to aortic regurgitation in an adult patient 
group. 
Patients and methods 
We initially performed the pulmonary autograft proce- 
dure in November 1988 in a child. However, children 
(age < 17 years) were not incorporated in the present 
study. From January 1989 until May 1995, 36 consecutive 
adults (20 male and 16 female patients with a mean age of 
28.7 years, ranging from 19.0 to 52.0 years) underwent 
aortic root replacement with a pulmonary autograft for 
aortic valve disease. The nature of the original aortic valve 
disease was congenital (n = 27), degenerative (n = 5), 
cured endocarditis (n = 3), or annnloaortic ectasia (n = 
1). The hemodynamic diagnosis was aortic stenosis in 13 
patients, regurgitation i 16, and both stenosis and regur- 
gitation in seven patients. A discrete subaortic stenosis 
was present in two patients in addition to valvular stenosis. 
Standard procedures were applied with regard to eardio- 
pulmonary bypass (CPB) techniques, using moderate hy- 
pothermia nd crystalloid cardioplegie arrest) The au- 
tograft was placed on the left ventricular outflow tract and 
anulus with a short rim of right ventricular muscle. No 
attempts were made to wrap the autograft or to reinforce 
the base of the autograft. Extended Ross procedures were 
not used and annular enlargement was not performed. 
For replacement of the pulmonary root, a cryopreserved 
pulmonary allograft was used in 35 patients and an aortic 
allograft in one patient. 
Echocardiography. Epicardial echocardiography was 
routinely used after sternotomy to evaluate aortic valve 
disease and pulmonary valve function at the onset of the 
procedure. The autograft and allograft function were 
studied immediately after CPB. Seven to 10 days after the 
operation a transthoracic e hocardiogram was performed. 
After discharge, all patients visited the outpatient clinic at 
3 and 6 months after the operation and yearly thereafter. 
Twenty-eight patients consented to transesophageal cho- 
cardiography during the past year (six patients refused). 
The interval between the operation and transesophageal 
echocardiography t erefore varies according to the length 
of follow-up of each patient. All echocardiograms were 
made on a Toshiba echocardiographic machine (SSH 140, 
Toshiba Corp., Tokyo, Japan) and taped on VHS video- 
tape. Multiplane transesophageal echocardiography was 
performed with a 5 MHz probe (Oldelft Instruments, 
Delft, The Netherlands). Measurements were made off- 
line with a two-dimensional contour acquisition program 
on a personal computer with electronic allipers. 
Autograft diameters were measured at two different 
levels: the anulus at the level of the autograft leaflet 
hinges and the sinus of Valsal~a t the largest anteropos- 
terior diameter. This was done in the long-axis plane from 
a two-dimensional image (with the largest diameters of 
the proximal autograft visible) using the inner wall dis- 
tance during systole, with maximal opening of the valve 
leaflets. At each level, five cardiac cycles with the best 
quality were used for measurements. At transesophageal 
echocardiography, aortic regurgitation was measured 
semiqnantitatively. For intcrobserver variability, 25 diam- 
eter measurements (at discharge and at follow-up) were 
analyzed by a second observer. Aortic regurgitation was 
scored as none if there was no regurgitation jet, trivial if a 
short, narrow jet was present just beneath the aortic valve. 
mild if the jet was limited to the left ventricular outflow 
tract, moderate if a broad jet reached halfway across the 
ventricle, and severe if a broad jet reached more than 
halfway across the ventricle. 
Statistical analysis. A correlation coefficient was calcu- 
lated for the anulus diameters measured with epicardial 
echocardiography before and after the autograft proce- 
dure. A paired t test was used for analysis of the difference 
of the diameter between two time points. 
For graphic representation f the mean autograft anu- 
lus and sinus diameters at follow-up, a "moving band" 
method was used? This method was chosen because of 
the variable follow-up period. With this method the mean 
follow-up time and the mean diameter were calculated for 
the five patients with the shortest follow-up period. Then 
the "band" moved in time. incorporating the sixth patient 
and excluding the first patient. For these patients a mean 
follow-up period and a mean diameter were calculated 
again. This was repeated until the five patients with the 
longest follow-up period were included. The width of the 
"band" thus consisted of five patients and varied with 
time. So that the individual behavior of the autograft 
anulus and sinus diameters could be clarified, the diame- 
ter increase was shown for each patient with at least two 
measurements. 
For comparison and the relative increase of pulmonary 
autograft anulus and sinus diameters after the operation. 
only patients with all measurements available were ana- 
lyzed. For two patients without an epicardial echocardio- 
gram after CPB. the anulus measurements before CPB 
were used, A t test with paired variables was used for the 
difference of the mean at different ime points. Beside this 
test we performed a repeated-measurements analysis, 
with four measurements of the autograft anulus diameter 
and three measurements of the autograft sinus diameter. 
This analysis was performed with multivariate analysis of 
variance (MANOVA) in SPSS for Windows I SPSS, Inc.. 
Chicago, Ill.). 
The relation of the increase in autograft anulus and 
sinus diameter to the length of follow-up was tested with 
a t test, dividing the patients into two groups: one group 
with a transesophageal echocardiogram less than 1 year 
after the operation and another group with a transesoph- 
ageal echocardiogram longer than 1 year after the oper- 
ation. The relation of the increase in autograft anulus and 
sinus diameter to the severity of aortic regurgitation was 
tested with a t test, dividing the patients into two groups 
according to the semiquantitative measurement of aortic 
regurgitation ( one and trivial versus mild and moderate). 
The intratechnique variability consisted of the variabil- 
ity within one observer, using five different images for 
measurements. The standard eviation of these measure- 
ments was calculated. The mean of these standard evia- 
tions for each level at each time point was determined and 
regarded as characteristic for the intratechnique variabil- 
ity. The interobserver variability was determined by the 
mean difference between two observers and the standard 
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Fig. 1. Mean autograft anulus diameter, using all available measurements of 34 patients, before CPB (A), 
after CPB (B), at discharge (C), and at follow-up. For the transesophageal chocardiographic measure- 
ments at follow-up, a "moving band" method was used. The mean anulus diameter is given with a 70% 
confidence interval. 
deviation of this difference. Statistical significance for all 
analyses was assumed if the p value was less than 0.05. 
Results 
Patients. Two patients died in the hospital 
(5.6%). One patient, preoperatively in cardiogenic 
shock, died 4 hours after the operation of a pulmo- 
nary embolus originating from the prostatic plexus. 
The other patient died 2 weeks after the operation 
of low output; this patient had required a second 
operation for aortic arch bleeding resulting from 
mediastinitis and sepsis and could not be weaned 
from CPB. The mean follow-up of the 34 surviving 
patients was 2.3 years (range 0.3 to 6.0 years). There 
were no reoperations for autograft failure, throm- 
boembolic omplications, or instances of endocardi- 
tis during follow-up. One patient was reoperated on 
2 years after the initial operation for significant 
pulmonary stenosis at the distal suture line of the 
pulmonary allograff with secondary tricuspid regur- 
gitation. One patient was in New York Heart Asso- 
ciation class II at most recent follow-up; the remain- 
ing patients were all in class I. 
Diameters. Twenty-eight epicardial echocardio- 
grams before CPB were of sufficient quality for 
pulmonary anulus measurement. The image quality 
distal to this level was poor and measurements were 
not reliable. Epicardial echocardiograms after CPB 
were available in 32 patients. Anulus measurements 
before and after CPB were available in 25 patients. 
At discharge the quality of the transthoracic echo- 
cardiogram was poor in two patients. In the remain- 
ing 32 patients, autograft anulus and sinus diameters 
could be measured. Transesophageal echocardiog- 
raphy was performed in 26 patients with a mean 
follow-up time of 1.9 years (range 0.3 to 5.2 years). 
The mean autograft anulus and sinus diameters 
could be measured in all patients. The mean values 
of all available autograft anulus and sinus measure- 
ments before and at different ime points after the 
operation are shown in Figs. 1 and 2, respectively. 
The individual increase of autograft anulus and 
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Fig. 2. Mean autograft sinus diameter, using all available measurements of 34 patients, after CPB (B), at 
discharge (C), and at follow-up. For the transesophageal chocardiographic measurements a  follow-up, a 
"moving band" method was used. The mean sinus diameter is given with a 70% confidence interval. 
sinus diameters of patients with two or more mea- 
surements available are presented in Figs. 3 and 4, 
respectively. 
All postoperative autograft anulus measurements 
were available in 22 patients and all postoperative 
autograft sinus measurements were available in 17 
patients. In these patients the diameter increase was 
determined (Table I). There was no statistically 
significant difference between the mean autograft 
anulus diameter before and directly after CPB (26.2 
mm and 26.4 ram, respectively). The mean autograft 
sinus diameter directly after CPB was 36.5 mm. The 
mean autograft anulus and sinus diameters were 
larger at hospital discharge (29.5 and 39.6 ram, 
respectively). At follow-up, the mean autograft anu- 
lus and sinus diameters were again larger when 
compared with the findings on the echocardiograms 
at discharge (31.5 mm and 43.9 mm, respectively). 
The repeated-measurements a alysis (MANOVA) 
indicated that both the autograft anulus and sinus 
diameters increased to a statistically significant de- 
gree during follow-up (p < 0.01 for both analyses). 
A small, statistically nonsignificant increase was 
noted for the autograft anulus diameter before and 
after CPB (p = 0.6). Measurements thereafter were 
significantly larger than the initial measurements 
(p < 0.01 for both analyses). 
The mean increases in autograft anulus and sinus 
diameters at follow-up relative to the diameters 
after CPB were 5.1 and 7.4 ram, respectively (see 
Table I). The mean relative increases were 19% and 
21%, respectively. Almost half of the increases in 
autograft anulus and sinus diameters (59% and 
40%, respectively) were noted at hospital discharge; 
the other part occurred after discharge. 
When the patients were grouped according to a 
follow-up time less than 1 year (n = 14) and more 
than 1 year (n = 13), there were no statistically 
significant differences with regard to absolute or 
relative increases of the autograft anulus and sinus 
diameters (p > 0.4). 
Autograft regurgitation, measured at follow-up 
with transesophageal chocardiography, was absent 
in seven, trivial in six, and mild in 13 patients; one 
patient had moderate aortic regurgitation. When 
the patients were grouped according to the severity 
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Fig. 3. The individual increase of the autograft anulus diameter of patients with two or more measure- 
ments available before CPB (A), after CPB (B), at discharge (C), and at follow-up. 
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Fig. 4. The individual increase of the autograft sinus diameter of patients with two or more measurements 
available after CPB (B), at discharge (C), and at follow-up. 
of aortic regurgi tat ion (none or trivial versus mild 
and moderate) ,  there was no statistically signifi- 
cant dif ference with regard to absolute or relative 
increase of  the autograft  anulus and sinus diame- 
ters (Table 1I). The three pat ients with an in- 
crease in anulus d iameter  of more  than 30% (see 
Fig. 1) had trivial (n = 2) and mild (n = 1) aortic 
regurgitat ion.  
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Table I. Autograft anulus and sinus diameter 
measurements atdifferent times* 
Anulus Sinus 
(ram) (ram) 
(SD; range) p Value (SD; range) p Value 
Before CPB 26.2 a _ a 
(2.8; 21-31) 
After CPB 26.4 NS 36.5 
(mm) (3.9, 18-34) (4.6; 30-46) 
Discharge 29.5 <0.001 b 39.6 <0.001 b
(mm) (4.0; 24-36) (4.8; 26-48) 
Follow-up 31.5 <0,01 c 43.9 <0.001 ~ 
(mm) (4.2; 22-42) (5.1; 35-55) 
Increase a 5.1 <0.001 7.4 <0.001 
(2.8; 0-10) (2.1; 3-10) 
% Increase 19% 21% 
SD, Standard eviation; NS, not statistically significant. 
a, b, c, p Values for differences between measurements before and after 
CPB (a), between measurements after (CPB) and at discharge (b), and 
between measurements a  discharge and at follow-up (c). d, Increase of 
diameter between measurements directly after CPB and at follow-up. 
*Only patients with all measurements available were included. For the 
autograft anulus and sinus diameter measurements there were 22 and 17 
patients, respectively. 
Variability. With regard to the intratechnique 
variability, the standard deviations for autograft 
anulus measurements before and after CPB, at 
discharge, and at follow-up were 0.8, 0.6, 1.0, and 0.9 
mm, respectively. For the autograft sinus diameters 
after CPB, at discharge, and at follow-up, the stan- 
dard deviations were 1.0, 1.0, and 0.6 ram, respec- 
tively. The standard eviation of the measurements 
of the second observer for autograft anulus at 
discharge and at follow-up were 1.2 and 1.0 mm, 
respectively. For the sinus measurements, these 
were 1.3 and 0.9 mm, respectively. The difference 
between the first and second observer for echocar- 
diograms at discharge and at follow-up was 0.3 mm 
(standard eviation 0.2 mm) for the autograft anu- 
lus measurements and 0.2 mm (standard eviation 
0.1 ram) for the autograft sinus measurements. 
Discussion 
The pulmonary autograft procedure for aortic 
root replacement is a well-established operation 
technique. It seems to be a highly adequate treat- 
ment modality for children with congenital aortic 
valve disease. Stimulated by the good results in 
children,3,1o thers have used the procedure in 
older patients, and short-term results in this age 
group are promising as well. 2-4 This is confirmed in 
our series, without reoperations for autograft fail- 
ure, thromboembolic complications, and endocar- 
Table II. Increase in autografl anulus and sinus 
diameter related to semiquantitatively measured 
aortic regurgitation at follow-up (22 and 17patients, 
respectively) 
Aortic regurgitation 
None, trivial Mild p Value 
Anulus (mm) 3.3 (23%) 2.7 (19%) NS 
Sinus (ram) 6.8 (19%) 7,8 (21%) NS 
NS, Not statistically significant. 
ditis. Moderate autograft dysfunction occurred in 
one patient only, and all patients were in New 
York Heart Association class I at their most 
recent follow-up examination, except for one pa- 
tient in class II. Nevertheless. increasing autograft 
diameter remains a concern in adults with regard 
to the long-term results, a' 3 Both the strength and 
durability of the pulmonary valve under systemic 
pressures, whether implanted in the subcoronary 
position or as an intraaortic ylinder, have been 
found adequate in the experimental s well as in 
the clinical situation. TM lZ When the pulmonary 
autograft is used as a root, the thinner pulmonary 
wall may be subject to an increase in diame- 
ter.a, 13-17 An increase in diameter has been no- 
ticed in children and is regarded as concordant 
with growth, although some children showed a 
greater increase than appropriate for body surface 
area.6,8,10 Studies with adult patients did not 
show autograft diameter increase, but diameters 
were studied with the first measurement being at 
discharge.a, 4 In our study, increasing diameters of 
the autograft were noted. This could be expected 
from the work of Weerasena and associates, 18 who 
showed dilatation of the pulmonary root (more 
than an aortic root) with increasing pressure and 
consider this a physiologic mechanism to decrease 
the pressure drop across the valve leaflets. 
Increase of autograft anulus and sinus diameter 
was present between the measurements after CPB 
and at follow-up, in absolute (5.1 and 7.4 mm, 
respectively) and in relative terms (19% and 20%. 
respectively). Fifty-nine percent of the anulus in- 
crease and 40% of the sinus increase was achieved at 
7 to 10 days after the operation. This is congruent 
with the experiments of Kadoba and colleagues, 19 
who implanted a cryopreserved pulmonary allograft 
in the descending aorta in sheep; 60% of the 
dilatation occurred in the first week and the remain- 
ing 40% in the following year. 
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Our observations during surgery and those of 
others 4 show that immediately after disconnection 
of CPB the autograft diameter increases as the 
consequence of the high aortic pressures. In this 
study, however, we found that the diameter of the 
pulmonary autograft anulus did not increase imme- 
diately after CPB. This may be due to the relatively 
low aortic pressures (systolic 70 to 80 mm Hg) and 
to the structure of the pulmonary anulus. The 
observation of the increasing diameter may account 
for the distal part of the autograft, which has a 
thinner wall than the aorta. 13' 14 
Because the increases in autograft diameters were 
the same for patients with a follow-up less than and 
more than 1 year, we conclude that the increase of 
autograft diameters is most prominent in the first 
year after the operation. Dilatation was the reason 
for Ross 1 to stress the importance of autograft 
implantation within the aortic anulus, which is sup- 
ported by the left ventricular musculature. For 
others, the possibility of dilatation was a reason to 
wrap the autograft root. 15 Wrapping may prevent 
the increase in autograft diameter found in this 
study, but it makes the operation more complicated, 
necessitating longer aortic clamp times. The neces- 
sity for wrapping is mostly dependent on the relation 
between the increasing autograft diameter and val- 
vular function. 
Aortic regurgitation. Experimental findings and 
clinical experience with patients with Marfan's syn- 
drome and idiopathic annuloaortic ectasia show a 
correlation between increase in aortic diameter and 
aortic regurgitation. 2°-22 Hourihan and colleagues 23
reported a series of arterial switch operations for 
transposition of the great arteries and showed aortic 
regurgitation to be related to neoaortic (pulmonary 
artery) root diameters. In our series, with limited 
follow-up, no association was found between in- 
creasing autograft diameter (absolute and relative) 
and severity of aortic regurgitation. 
Limitations to the study. The different echocar- 
diographic techniques may account for confounding 
effects on the measurements. The epicardial echocar- 
diograms were retrospectively analyzed. It was re- 
markable, however, that the autograff anulus measure- 
ments before and after CPB were not significantly 
different. Although standard eviations were accept- 
able with regard to intratechnique and interobserver 
variability, image acquisition and analyzing methods 
are vulnerable to imprecise calculations. We are well 
aware that the number of patients tudied is small and 
the follow-up period relatively short. A longer fol- 
low-up period with more patients would possibly 
strengthen the value of our study. 
Conclusion 
We conclude that the autograft procedure is an 
attractive treatment modality for adult patients with 
aortic valve or root disease. The results are good 
with regard to hospital mortality, valve-related 
events, symptoms, and valve function. Autograft 
anulus and sinus diameters increase by 20% within 
the first year, especially in the first 10 days after the 
operation. This increase was not associated with 
aortic regurgitation. 
We thank Ada Matser for secretarial help and Drs. 
Ewout W. Steyerberg and Rene E~kemans for statistical 
advice. 
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